This paper examines the role research and development (R&D) plays in technology progress for a sample of OECD and Asian economies from 1980 to 1995. An empirical model is estimated which relates total factor productivity to domestic and foreign R&D activity, trade, and information technology and telecommunications (ITT). Model estimates confirm a positive relationship between national productivity and R&D activity exists in the long run. Further, the benefits of R&D can spillover countries through trade, in particular, trade in ITT equipment.
Introduction
Endogenous growth models emphasise innovation and trade as vehicles for technological spillovers that permit developing countries to catch up to industrialised countries. The creation and accumulation of knowledge can improve sectoral and national productivity through the invention of intermediate goods (or by improving the quality of existing goods), which bring about the more effective use of existing resources (Grossman and Helpman, 1991) . The role knowledge plays in technological progress has been the subject of much recent attention in the economic growth literature. Several studies find that the returns from investment in knowledge are positive, and they are greater than returns from investment in equipment, infrastructure and machinery (Griliches, 1988 (Griliches, , 1994 Nadiri, 1993; Coe and Helpman, 1995) . Further, Coe and Helpman (1995) argue that own knowledge enhances a country's ability to take advantage of innovation and technological advance elsewhere. Coe and Helpman (1995) extend Grossman and Helpman's (1991) 'product variety' model of innovation to show that national productivity increases with the accumulation of both domestic and foreign knowledge (see also Bayoumi et al., 1996) . Employing annual cross-section, time-series data for 21 OECD economies and Israel from 1971 to 1990, Coe and Helpman (1995) demonstrate a significant positive relationship between total factor productivity (TFP) and knowledge, approximated by research and development (R&D) capital stock, exists. Further, the benefits of R&D can also spread to (spillover) other countries through trade when measured by the share of aggregate imports to gross domestic product (GDP). The predicted convergence occurs only when knowledge spills over perfectly between countries. This finding has important implications for national trade liberalisation and economic integration policy. For instance, Feenstra (1996) shows that when knowledge spills over imperfectly between countries, small open economies may experience slower rates of economic growth rates after trade liberalisation and integration.
Application of the above findings to particular national circumstances is somewhat problematic as received empirical evidence usually relate to OECD economies and aggregate imports are nominated as the sole channel for the transmission of R&D spillovers internationally. Coe et al. (1997) extend their sample to 77 developing economies, and estimate an equation that relates TFP to foreign R&D capital, imports of machinery and equipment relative to GDP, and 1 educational attainment. This TFP equation does not include an argument for domestic R&D for developing countries since these data are scarce. Model estimates indicate that a 1% increase in the foreign R&D stocks of industrialised countries (in the 'North') raises output of the developing countries (in the 'South') 2 by 0.06%. However, the assumption of negligible domestic R&D in developing countries is unacceptable for some 'high income' Asian countries contained in 1 To ensure that trade benefits domestic productivity, trade partners must provide products and information in which the domestic country is in short supply. By trading with an industrial country that has a larger 'stock of knowledge' a developing country stands to gain more in terms of both the products it can import and the direct knowledge it can acquire than it would by trading with another developing country (Coe et al., 1997) . 2 Coe et al. (1997) consider how the interaction of education attainment with foreign R&D affects productivity, and find the secondary school enrolment ratio has no significant effect on the marginal benefit of foreign R&D. Engelbrecht (1997a) finds that human capital has a positive impact on productivity only when it interacts with a productivity catch up variable. their sample. Madden and Savage (2000) address this potential source of error by estimating a model that relates TFP to both domestic and foreign R&D activity for a sample of OECD and Asian nations. They find that TFP growth in Chinese Taipei, India, Indonesia, Singapore, South Korea and Thailand is augmented by investment in own R&D. Lichtenberg and Van Pottelsberghe de la Potterie (1996) ; Engelbrecht (1997a,b) and Madden and Savage (2000) suggest that Coe and Helpman (1995) and Coe et al. (1997) place too much emphasis on aggregate openness and education as channels for international knowledge transfer. For instance, Lichtenberg and Van Pottelsberghe de la Potterie (1996) and Engelbrecht (1997a) identify training received abroad, foreign direct investment, electronic information transfer, and imports of books and journals as potentially important transmission mechanisms for international R&D spillovers. Madden and Savage (2000) argue that information technology and telecommunications (ITT) is an important source of international knowledge transfer in an emerging global information economy. International trade in ITT equipment and services generates direct productivity benefits through lower transaction costs and improved marketing information, and indirect benefits due to accelerated information and knowledge diffusion across borders (Jussawalla and Lamberton, 1982; Antonelli, 1991) . As such, ITT and trade policy are becoming a priority for many governments and international agencies endeavouring to improve national productivity and economic growth (European Bank for Reconstruction and Development 1995; OECD, 1996a; Spiller and Cardilli, 1997) .
This study examines the role that R&D activity plays in technological progress for a sample of OECD and Asian economies for the period from 1980 through 1995 using annual data. So as to assess the importance of alternative potential sources of TFP growth a series of models are developed from the Coe and Helpman (1995) specification. A composite model relates TFP to domestic and foreign R&D activity, trade, and ITT. Model estimates are used to calculate the TFP elasticity with respect to OECD and Asian domestic R&D, respectively, and individual country foreign R&D elasticity's of TFP. The TFP equation and estimation method employed here differs from those of previous studies. First, the sample includes Asian measures of domestic R&D expenditures. Inclusion of Asian data allows further examination of the Coe et al. (1997) hypothesis that developing economies with low own R&D benefit from OECD R&D activity. Measures of ITT trade are also included in the TFP equation to allow alternative channels for the international transfer of R&D. Finally, the Im et al. (IPS 1997) group mean panel unit root test is used to establish the order of integration and cointegration of these panel data. The paper is organised as follows. Section 2 describes the econometric method used to estimate TFP elasticities. Data used in estimation are presented in Section 3. Section 4 reports estimation results, and elasticity calculations for TFP with respect to R&D. Section 5 presents conclusions.
Econometric method
Following Coe and Helpman (1995) , the basic TFP equation used to assess the importance of R&D spillovers is: log TFP 5 a 1 a log DRD 1 a log FRD 1 e (1)
where i51, ...,n denotes countries and t51, ...,T the year, DRD is domestic R&D capital stock, FRD is foreign R&D capital (measured as country i's bilateral import share weighted-average of the domestic R&D capital stocks of its trading partners), the a's are unknown parameters to be estimated, and e is a white noise error term. The parameter vector a captures country-specific effects on prod- TFP with respect to domestic and foreign R&D capital stocks, respectively. Eq.
(1) can be modified to allow the TFP elasticity with respect to domestic R&D to vary between OECD and Asian economies, and to account for the interaction between foreign R&D and the level of international trade. When two countries have the same import composition, and their trading partners have the same composition of R&D capital stocks, the country that imports more relative to GDP would benefit more from foreign R&D. Openness to trade enables a country to embrace a wider variety of intermediate products and capital equipment, which enhances the productivity of its own resources. Trade also provides a channel to stimulate the learning of production methods, product design, organisational methods and market conditions from across borders (Grossman and Helpman, 1991; Coe et al., 1997) . A modified TFP equation that incorporates these channels is:
where ASIA equals one for Asian countries and zero otherwise, M /Y is the share of aggregate imports to GDP, the b's are unknown parameters to be estimated, and 4 u is a white noise error term. The interaction term ASIA log DRD allows the elasticity of TFP with respect to domestic R&D, b 1b ASIA, to vary between the 1 2
Asian and OECD economies in the sample, whilst the term b (M /Y) provides a 3 measure of the elasticity of TFP with respect to foreign R&D. Another channel of influence on domestic TFP considered are ITT sector imports. In particular, ITT equipment can give rise to substantial external economies through the use of more advanced technology embedded in the equipment, and the extra skills acquired by users of the equipment (Aschauer, 1989; Cronin et al., 1993; Greenstein and Spiller, 1995; Karunaratne, 1995; 5 Madden and Savage, 1998). Since ITT is generally considered to be a hightechnology sector trade in ITT enhances the potential for the intended and tacit promotion of human capital development and research (Jussawalla and Lamberton, 1982; Greenstein and Spiller, 1995) . These benefits can create substantial efficiencies in production that have the potential to flow through to all sectors of the economy. ITT service trade allows more effective communication, reduces the cost of acquiring information and expands the stock of available entrepreneurial talent. Increased information flows also assist in the integration of domestic and international markets and have potential to enhance national income and productivity through increased competition and market efficiency. Further, Antonelli (1991) suggests the diffusion of advanced ITT services provides a means by which developing countries can overcome information asymmetries and take advantage of opportunities for technology catch up. Accordingly, (2) is modified to account for the impact of ITT on productivity through foreign R&D:
where the potential impact of ITT on TFP occurs through COM (the share of communications and computer equipment in imports) and TEL (the outgoing international message telephone service (IMTS) minutes per person). The ds are 6 unknown parameters to be estimated, and v is a white noise error term. The parameter vector d controls for mean country-specific productivity 0i variations not due to DRD and FRD. There are no a priori expectations for the signs of the parameters contained in d . Grossman and Helpman (1991) show TFP 0i increases with DRD capital so d .0 is expected. The parameter of ASIA log DRD 1 parameter has no anticipated sign, that is, since R&D may be more or less effective in enhancing productivity. Coe and Helpman (1995) argue that industrial country TFP is more responsive to own R&D since larger economies perform R&D across a wider spectrum of R&D activities, and are more adept at exploiting complementarities. Finding d ,0 would support Coe and Helpman's conjecture.
2 By contrast, when domestic R&D is subject to diminishing returns, countries with high levels of domestic R&D gain less from increased in domestic R&D than countries with lower domestic R&D activity. Accordingly, d .0 suggests 2 diminishing returns to R&D capital. Finally, d , d , d .0 indicate the impact of 2 3 4 5 Economies are transmitted through human capital accumulation, improved efficiency and innovation, and the efficient exchange of information and knowledge (DeLong and Wolff, 1991) . 6 In foreign trade, outgoing IMTS calls are considered an import because the (domestic) originating carrier must reimburse the (foreign) terminating carrier for costs incurred in terminating the incoming call. The foreign R&D TFP elasticity is now d (M /Y)1d COM 1d TEL. Both COM and TEL are 3 4 it 5 assumed I(1).
foreign R&D on domestic TFP is larger the more open an economy is to both aggregate trade and trade in ITT. Estimation of R&D spillovers from the panel data models (1) through (3) requires that care be taken to understand the underlying time-series properties of these data. Not correctly identifying the order of integration and cointegration for TFP and R&D variables can lead to spurious inference. Coe and Helpman (1995) , for example, use pooled residuals from a TFP equation and report a cointegrating relationship exists between TFP and R&D when applying the augmented Dickey-Fuller (ADF; 1981) test to their TFP equation residuals. However, TFP and R&D are not cointegrated under the pooled residual unit root test proposed by Levin and Lin (1993) . Edmond (1998) attempts to avoid such ambiguity by applying the group mean panel unit root test proposed by IPS (1997) to the Coe and Helpman data set. By pooling the ADF statistics of all countries comprising the panel into an average ADF value across all countries, IPS show their test has more power than those for single time-series, and better finite sample properties than pooled residual unit root tests. Accordingly, Edmond finds that TFP and R&D are stationary in first-differences, and the TFP equation is cointegrated. IPS developed a panel unit root test based on the stochastic process, which can be observed many times. Mean country ADF statistics are more general and powerful in finite samples than the pooled residual tests of Engle and Granger (1987) ; Levin and Lin (1993) and Quah (1994) . The IPS group mean panel unit root test allows countries within a panel to have different ADF statistics and lag structures. It is obtained from the ADF(p ) auxiliary equation:
where Z is the variable under examination, D is the first-difference operator, t is a deterministic time trend, m, g, f and r are parameters to be estimated, and e is a white noise error term. Under the null hypothesis of a unit root (H : f 50 for all 0 i i), ln Z is non-stationary for all countries in the panel, and the series must be it first-differenced to render it stationarity. Under the alternative hypothesis that none of the countries have a unit root (H : b ,0), ln Z is stationary around a 1 i i t deterministic trend for all countries in the panel.
Eq. (4) is estimated for log TFP, log DRD, log FRD, M / Y, COM and TEL, and the country-specific ADF statistics t (the t statistic on f in (4)) are used to iT ī calculate the average ADF test statistic (t ):
The modified group mean IPS statistic C is formed from (5), and the mean t (E[t ( p ,0)]) and variance (V [t ( p ,0)]) of each distribution of t ( p ,0):
The values for Et ( p ,0) and Vt ( p ,0) for different model specifications and lag iT i iT i orders are reported in IPS (1997). Since C is distributed standard normal, ā t negative value above two leads to rejection of the null hypothesis of a unit root in favour of stationarity. When log TFP, log DRD, log FRD, M /Y, COM, and TEL are I(1), (1)-(3) can be tested for cointegration by applying the IPS test to TFP equation residuals. When the variables are cointegrated, Engle and Granger (1987) prove there exists a corresponding error-correction model (ECM) of the form:
where p is a constant, p are the estimated short-term effects, h is the estimated 0 1 coefficient for the lagged error correction term, l is a vector of cointegrating coefficients, X contains log DRD and log FRD for (1), log DRD, ASIA log DRD, and (M / Y)log FRD for (2) and, log DRD, ASIA log DRD, (M / Y)log FRD, COM log FRD and TEL log FRD for (3), and w is a white noise error term. The error t correction term is formed from the cointegrating residuals and h measures how changes in log TFP, log DRD, (M /Y)log FRD, COM log FRD and TEL log FRD respond to departures from the long-run equilibrium. Short-run convergence to equilibrium is assured when h is both negative and significant. Accordingly, the t-statistic on the coefficient for the lagged error-correction term h provides an additional test of cointegration (Engle and Granger, 1987) .
Data
TFP Eqs.
(1)-(3) are estimated on a sample of: seven OECD G7 economies, Canada, France, Germany, Italy, Japan, United Kingdom (UK), United States (US); eight OECD non-G7 industrialised economies, Australia, Denmark, Finland, Ireland, Netherlands, Norway, Spain, and Sweden; and five Asian countries, India, Indonesia, Singapore, South Korea and Thailand. Annual data from 1980 to 1995 are collected for exchange rates, fixed capital, GDP, labour, aggregate imports, ITT equipment and service imports, domestic R&D expenditures and prices. These data are used to construct a TFP index (198551), domestic and foreign R&D capital stocks, and measures of openness to trade. Variable definitions and data sources are described in Appendix A.
Means, standard deviations, minimum and maximum values for TFP, DRD, FRD M / Y, COM, and TEL are reported in Table 1 . Since TFP is an index it is not Table 2 . Only ten of the 120 (20 countries and six data series) country-specific ADF statistics reject the hypothesis of a unit root for log TFP, log DRD, log FRD, M /Y, COM and TEL. These individual country ADF statistics are used to calculate the average ADF test statistic across all countries according to (5), and the IPS panel unit root statistic using the rule (6). The IPS statistics, reported in the last row of Table 2 , cannot reject the null hypothesis that each of the series in the panel has a unit root.
TFP equation estimation
The Table 3 . Of the 60 (20 countries and three TFP equations) country-specific ADF test statistics report only one rejection of the null hypothesis of no cointegration -India in Eq. (1). However, more powerful IPS test statistics, reported in the last row of Table 3 , conclusively reject the null hypothesis of no cointegration for TFP Eqs.
(1) through (3). Further, both the ADF unit root test of pooled residuals, and the t-statistic on the lagged residuals from the TFP ECM, are significant and also reject the null hypothesis of no cointegration (see Table 4 ). In summary, both the panel and pooled residual unit root tests find a cointegrating relationship between: (1) log TFP, log DRD and log FRD; (2) For the purpose of calculating IPS test statistics, the interactive dummy variable ASIA is excluded from the estimation of country-specific TFP Eqs. (1) through (3) as it cannot provide a common estimate of the difference between Asian and OECD economy TFP elasticities. a Denotes significance at the 5% level. ADF is the ADF test for a unit root in the residuals of the pooled TFP equations. IPS is the IPS panel test for a unit root in the residuals of the country-specific TFP equations. ECT is the t-statistic on the coefficient for the lagged error-correction term in the ECM. Table 4 (coefficient estimates for country-specific intercept terms are reported in 10 Appendix C). Cointegration tests and coefficient estimates confirm the existence of a positive long-run cointegrating relationship between national productivity and R&D. Coefficient estimates for log DRD and log FRD in TFP Eq. (1) are similar to those of Coe and Helpman (1995) (Table 3 ; Eq. 1). The positive sign for ASIA log DRD in (2) and (3) (0.186 and 0.257, respectively) indicate that domestic R&D impacts on Asian TFP, and the effect of domestic R&D on TFP is greater for Asian economies. The positive estimates for (M /Y)log FRD in (2) and (3) (0.031 and 0.034, respectively) on TFP increases with the share of aggregate imports in GDP. Coefficient estimates for COM log FRD (0.022) and TEL log FRD (0.001) in (3) indicate that TFP increases with the share of communications and computer equipment imports in service trade, and outgoing per capita IMTS minutes. Table 5 reports TFP elasticities for the year 1995. Unlike Coe and Helpman (1995) the elasticity estimates reported here indicate that domestic R&D is an important source of TFP growth for developing Asian economies. The elasticity of Asian economy TFP for own R&D is similar across (2) and (3), and suggests that a 1% increase in own R&D leads to a 0.27-0.29% increase in national output. This estimate is nearly three times the magnitude of the corresponding OECD elasticity of 0.1080. This finding suggests that domestic R&D is subject to diminishing returns. Since coefficient estimates for (M /Y)log FRD are positive and similar across (2) and (3), the inclusion of COM log FRD and TEL log FRD increases the elasticity of TFP with respect to FRD. The more open an economy to aggregate and ITT trade the larger is the impact of foreign FRD on TFP. The inclusion of ITT variables in TFP elasticity calculations in (3) sees the elasticity of OECD TFP with respect to own DRD decrease substantially from 0.168 to 0.108, whilst TFP elasticities with respect to foreign R&D increase in magnitude for all countries (from 0.01 to 0.0187, 0.0257 and 0.0297, respectively). Thus omission of COM log FRD and TEL log FRD from the TFP equation may lead to their affects being attributed to other sources.
Conclusions
This paper examines the role R&D plays in technology progress for a sample of 15 OECD and five Asian economies from 1980 to 1995. An empirical model is estimated which relates TFP to domestic and foreign R&D activity, trade, and ITT. Panel unit root tests of TFP equation residuals indicate the existence of a long-run cointegrating relationship between national productivity and R&D activity. Further, TFP equation estimation shows that domestic R&D is an important source of TFP growth and that TFP is positively related to the foreign R&D activity of their trading partners in both OECD and Asian economies. Model estimates confirm the qualitative conclusion of Coe et al. (1997) that developing Asian economies (in the South), which have relatively low levels of investment in R&D, benefit from foreign R&D spillovers from industrialised OECD economies (in the North). On average, a 1% increase in foreign R&D capital stock raises Asian national output by 0.03%. Model estimates also show that the more open an economy the greater is the impact of foreign R&D on productivity. Not surprisingly, in the emerging global information economy, openness to trade in ITT equipment and services are an important channel for the international transfer of R&D. Further, this study demonstrates that Coe and Helpman's (1995) TFP estimating equation specification may provide a misleading view of the impact of R&D spillovers on TFP growth. Finally, the collection of own R&D data for developing economies, other than Asian, would permit the examination of a richer set of potential relationship between TFP and domestic R&D. are obtained from the World Bank (1999) and the International Monetary Fund (IMF, 1997 ). An index for non-agricultural wage activity is obtained from International Labour Office (ILO, various issues) and the IMF (1997). Since wage 11 index data for Indonesia is incomplete the GDP deflator is used for this country.
Domestic R&D capital stocks (DRD) are calculated using the perpetual inventory method:
where R is previous period new domestic R&D expenditure for country i, and it 2 1 d is the depreciation rate (fixed at 5%). The initial value for DRD (DRD ) is 0 calculated by:
where g is the annual average growth of domestic R&D expenditure, and R is the 0 initial value of R&D expenditure. Domestic R&D capital stocks are converted to USD using exchange rates obtained from the World Bank (1999). Foreign R&D capital stocks (FRD) for country i are calculated by weighting the j ± i country domestic R&D capital stocks by i's bilateral import shares with the j ± i countries. Import share data are obtained from the IMF (various issues). The TFP index is calculated from:
where Y is output, K is fixed capital stock, L is labour force and b is the labour share of output. GDP data is obtained from the IMF (1997) and World Bank (1999), whilst capital stock per worker in 1995 prices is obtained from Summers and Heston (1991) . All series are complete for 1980 through 1992 except Indonesia, South Korea and Singapore. The perpetual inventory method is used to interpolate missing data points, with estimation using gross domestic fixed investment data from the World Bank (1999) and a constant depreciation rate of 15% (Griliches, 1990) . Per worker capital stock are multiplied by total labour force data from the World Bank (1999) to obtain aggregate capital stock. Finally, aggregate import to GDP shares and communications and computer equipment imports to GDP shares are obtained from the World Bank (1999), whilst outgoing IMTS minutes per person are obtained from the ITU (1998).
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